In Escherichia coli, L-lactam resistance usually depends on L-lactamase production. AmpC chromosomal cephalosporinase hyperproduction is generally due to mutations in the ampC gene promoter. In order to study ampC expression in E. coli clinical strains, we have compared two methods: conventional and real-time reverse transcription-polymerase chain reaction (RT-PCR). With both methods, ampC mRNA was found to be greatly increased in strains presenting 342 or 332 mutations in the ampC promoter, and moderately increased when a 311 mutation was present in the Pribnow box. Real-time RT-PCR represents a powerful tool combining amplification, fluorescent detection and analysis.
Introduction
Even though plasmidic cephalosporinases are sporadically described in Escherichia coli [1] , the resistance due to class C enzymes is still often caused by overexpression of the chromosomal AmpC enzyme [2^4] . Gene ampli¢ca-tion has been described in laboratory strains overexpressing AmpC [5] . However, in clinical isolates, it seems that the overexpression of this constitutive enzyme is largely linked to ampC promoter mutations [6^8] .
The main mutations are located in strategic regions of the promoter to enhance the transcription of the gene, particularly in the well-characterized 335 and 310 boxes [9] .
In order to determine the e¡ect of the di¡erent mutations on the strength of the promoter, gene reporter studies have been previously developed [4] and they have con¢rmed the crucial role of 332, 342 or 311 mutation [6^8].
However, these studies were carried out with laboratory plasmids using either chloramphenicol acetyltransferase [6, 8] or luciferase [4] as a reporter gene.
Conventional reverse transcription-polymerase chain reaction (RT-PCR) technology has been widely used in virology for years, but in bacteriology, applications have been much more limited due to technical limitations caused by mRNA structure in prokaryotes. However, the method has been shown to be sensitive enough to detect bacterial mRNA [10, 11] . RT-PCR seems to be a useful approach and a powerful tool to analyze expression of L-lactam resistance genes. Recently, real-time RT-PCR was introduced to quantify bacterial speci¢c mRNA transcripts [12, 13] . With this method, an increase in £uores-cence emission during PCR was generated and detected proportionally to the initial copy number of the target gene. Fluorescence emission was detected for each PCR cycle.
The aim of this work was to correlate the mutations found in the ampC promoter of clinical E. coli strains with the level of mRNA speci¢c transcripts and the level of L-lactam resistance of the strains. In this study, we used two di¡erent methods to quantify mRNA speci¢c transcripts of the ampC gene from di¡erent clinical strains.
Materials and methods

Bacterial strains
E. coli AmpC overproducing strains were isolated at Nantes University Hospital. E. coli ATCC 25922 was used as a low level AmpC producer control. The ampC promoters were sequenced for this study or in previous ones. The mutations and the susceptibility to various L-lactams are summarized in Table 1 .
Growth conditions and mRNA preparation
Isolates were cultured overnight in trypticase-soy agar (bioMe ¤rieux, Marcy l'Etoile, France). A suspension of 10 8 bacteria ml 31 was diluted 1:1000 in fresh Luria broth medium to obtain a bacterial density of approximately 10 5 bacteria ml 31 . The cultures were grown to mid-exponential phase at 37 ‡C, until they reached an optical density of 0.25 measured at 600 nm.
After a 5-min centrifugation (5000Ug) at 4 ‡C, cells were harvested and total mRNA was extracted using Qiagen RNeasy Protect Bacteria Mini Kits (Qiagen, Courtaboeuf, France) according to the manufacturer's recommendations. Ten microliters of the cDNA was used for ampli¢cation of speci¢c ampC mRNA [3] using primers NC3 (5P-GTGAAGCCGTCTGGTTTGAGT-3P) and NC4 (5P-TTATTGTCACTGCCGTTAAT-3P) corresponding to nucleotides 594^614 and 957^980 respectively, and 10 Wl was used for ampli¢cation of gap [14] (encoding D-glyceraldehyde-3-phosphate dehydrogenase, used as an external control) using primers GapA1 (5P-ATCAACGGTTTTGG-CCGTAT-3P) and GapA2 (5P-GTTGATAACTTTAGC-CAGCGG-3P) corresponding to nucleotides 19^38 and 469^489 respectively, in the same conditions: 5 min initial denaturation at 94 ‡C, followed by 35 cycles of 30 s denaturation at 94 ‡C, 30 s annealing at 55 ‡C and 1 min extension at 72 ‡C, and a ¢nal extension step of 7 min at 72 ‡C. Both PCR products were detected on a 6% acrylamide gel. Each RT-PCR was performed in triplicate.
Real time RT-PCR
For this study, real-time RT-PCR with SYBR Green I was performed, using the qPCR1 Core Kit for SYBR1 Green I (Eurogentec, Seraing, Belgium). Rotor-Gene RT-PCR was carried out following the manufacturer's instructions, using the primers for gap and ampC genes.
After RT for 1 h at 42 ‡C, 5 min at 94 ‡C, the RNA/ DNA complex was used as target. The 25-Wl reaction mix contained 1UqPCR1 Core Kit for SYBR1 Green I, 5 mM MgCl 2 , a 120 nM concentration of each primer, and 2.5 Wl of the template. The following temperature pro¢le was used for ampli¢cation: denaturation for one cycle at 95 ‡C for 5 min and 45 cycles at 94 ‡C for 20 s, 63 ‡C for 30 s and 72 ‡C for 30 s (temperature transition, 20 ‡C s 31 ) with £uorescence acquisition at 63 ‡C for 1 s. For acquisition of the £uorescence signal, channel CH1 was used and the gain of CH1 was set at 9. Each RT-PCR was performed in triplicate.
PCR cycling was followed by melting curve analysis of 70^99 ‡C (temperature transition rate of 1 ‡C s 31 ) with stepwise £uorescence acquisition. The speci¢city of the PCR reaction was veri¢ed by ethidium bromide staining on 6% acrylamide gels. 
Results and discussion
RT-PCR ampC mRNA expression
RT-PCR results are shown in Fig. 1 . The constitutively expressed gap gene, encoding D-glyceraldehyde-3-phosphate dehydrogenase, highly conserved in both bacteria and eukaryotes [14, 15] , was used as an external control in RT-PCR experiments [16] . The mRNA transcripts for gap gave similar signals for all strains, although very different signals were obtained for ampC speci¢c transcripts. E. coli strain ATCC 25922 gave a very low signal. The strongest signal was obtained with the mRNA from strains presenting the 332 or 342 mutation in their promoter (strains 7, 32 and 38). The 311 mutated strain (strain 16) gave an intermediate signal.
Densitometric quanti¢cation of the bands after ethidium bromide staining was used to evaluate quantitatively the expression level of these two genes [17] . Each band was quanti¢ed by using 1 D Image Analysis Software (Eastman Kodak, Rochester, NY, USA). Large and similar amounts of the gap gene were obtained for all strains, whereas di¡erent levels of the ampC gene were detected. Ratios are presented in Table 2 .
These results were largely con¢rmed by real-time RT-PCR. Curves are presented in Fig. 2 . For each assay, the threshold cycle value (Ct) must be determined. This is de¢ned as the PCR cycle where the £uorescence signal increases above the background threshold [18] . PCR and £uorescence detection can be performed in a combined thermocycler and £uorimeter, like Rotor-Gene (Ozyme, Saint-Quentin Yvelines, France). When SYBR Green I is used, the increase in £uorescence emission is due to binding to dsDNA. The identi¢cation of the PCR product was performed by determining the melting temperature of the amplicon after PCR.
For the housekeeping gene gap, the Ct was found to be identical for all strains. For the ampC gene mRNA, clinical strains presented a decrease of the Ct proportional to their antibiotic resistance pattern : strains with the most frequent mutation in the ampC promoter (342) showed the earlier Ct (strains 32 and 38), while E. coli strain ATCC 25922 presented the latest one. These results are in total correlation with the resistance pattern. Ct and ratios are shown in Table 2 .
RT-PCR technical step
Conventional RT-PCR has been used to detect bacterial pathogens in food [13, 19, 20] , to study glycopeptide resistance in enterococci [21] and enhanced expression of the multidrug e¥ux pump AcrAB in E. coli mutants selected with a £uoroquinolone [16] or the mexAB-oprM multidrug e¥ux operon of Pseudomonas aeruginosa [22] . mRNA quanti¢cation can also be used to evaluate the expression of most virulence factors [12, 23] . In bacteria, mRNA is synthesized only by viable cells and can be used as a marker of cell viability [11, 19, 24] . Using RT-PCR in bacteriology presents speci¢c challenges because di¡erent problems have to be solved [18, 25] . DNase treatment is always necessary to eliminate residual DNA. The control for absence of residual DNA was realized by conventional PCR on DNase treated mRNA. For each assay, templates without RT showed no detectable ampli¢cation, indicating the absence of contaminating genomic DNA [11, 26] .
Because of the short half-life and instability of bacterial mRNA [24, 27] , it is particularly important to use precise standardization of bacterial growth, in order to obtain mid-exponential cultures to yield mRNA of high purity [11, 25] . Then, careful conditions of sample preparation are necessary, because RNA degradation is a serious problem that can lead to variable results for the same template. For example, to avoid mRNA secondary structures that a¡ect the ability of the RNA dependent DNA polymerase to generate speci¢c transcripts, a cycle at 65 ‡C during 10 min is necessary for each template to linearize mRNA and then freeze them on ice.
The interaction between the physical or chemical components of the reaction must be analyzed and considered carefully for each technical step, in order to optimize the speci¢city, sensitivity and reproducibility of the reaction [18, 25] .
For both techniques used in this study, the RT step is crucial and the main variable is the percentage of mRNA transcribed into cDNA: the e⁄ciency can £uctuate for the same extraction mRNA targets [18, 25] .
Comparison between conventional and real-time RT-PCR
Classical RT-PCR results were evaluated by visual or densitometric quanti¢cation of the bands after ethidium bromide staining. The visual evaluation of band intensity is largely subject to variabilities caused by individual perception [23] . In contrast, the real-time RT-PCR Rotor-Gene system uses integrated software for quanti¢ca-tion.
The advantage of real-time RT-PCR is the £uorescent detection. Thus, real-time RT-PCR avoids contamination problems, is less time consuming and results in short turnaround times for data acquisition and analysis [23] , especially if we could develop a one-step method.
This approach of RT-PCR methodology with SYBR Green seems to be sensitive enough to detect mRNA resistance genes and to characterize gene expression transcripts in several E. coli strains presenting di¡erent resistance patterns. Moreover, as described previously by Hein and al. [13] in Staphylococcus aureus cells, TaqMan probe technology is more strictly speci¢c but more expensive and more time consuming to develop [13, 18, 25] . Nevertheless, this con¢guration allows a better quanti¢cation for samples with low copies and represents, in virology, the most appropriate method for accurate quanti¢cation in the copy number evolution in chronic infections.
Contribution of RT-PCR and ampC expression
In this work, we have used the RT-PCR technology to study ampC gene expression, presenting a simple non-inducible regulation, in E. coli. Numerous mutations have been previously described in E. coli ampC gene promoters of clinical strains hyperproducing their chromosomal constitutive cephalosporinase. However, it is often di⁄cult to correlate the presence of these mutations with a resistance phenotype, particularly if they are located outside the well-known 310 and 335 boxes. In clinical strains, other mechanisms such as decrease in permeability, e¥ux or presence of additional L-lactamase can be associated. In this study, we have proved that the amount of ampC speci¢c mRNA is directly linked to the strength of the promoters studied in an arti¢cial reporter gene system. Moreover, between the resistant clinical strains, we can notice a di¡erence in the level of expression of ampC gene resistance.
Gene reporter studies are tedious and time consuming. RT-PCR could be a simple way to detect AmpC overproducers and to study gene expression. In many cases, the detection of di¡erences in expression levels of speci¢c mRNAs can provide useful information on the resistance pattern and contribute to a study of the regulation of resistance gene expression. 
